The satistcal properts of thb metbod are empirically assessed using 572 selected sets of bioassay data.
Introduction
The goal of cancer risk assessment is to predict the risk of tumor occurrence in people exposed to carcinogenic agents present in the environment. Such estimates of risk are useful in assessing the potential health impact of such exposures and in evaluating risk management strategies for exposure mitigation. In practice, cancer risk assessment is a complex process for a complex disease. There are many different forms of cancer, many with different disease etiologies. There exists uncertainty regarding the mechanisms of initiation, promotion, and progression of neoplastic changes; the pharmacokinetic distribution ofreactive carcinogenic metabolites within exposed individuals; and the pharmacodynamic effects of the proximate carcinogen in target tissues.
The most relevant data for prediction ofcancer risk are derived from human populations subjected to well-characterized conditions of exposure resulting in an elevated level of risk. Epidemiological data have been of great value in identifying a number of agents capable of causing cancer in humans, particularly through observations on certain occupational groups or individuals exposed to moderately high levels ofthe agent of interest. To estimate the potential risks associated with lower environmental exposures, downward extrapolation of these results may be required.
In many cases, epidemiological data on a suspect carcinogen may be nonexistent or inadequate for purposes of quantitative risk assessment. This can occur due to a lack of accurate information on exposure levels or the presence of confounding risk factors. In this event, prediction of human cancer risks may be attempted using laboratory studies of carcinogenicity, on the basis that animal carcinogens are presumptive human carcinogens (I) and that some degree ofcorrelation in carcinogenic potency exists between animals and humans (2) . Because ofthe need to elicit potential toxic effects using a limited number ofexperimental subjects, the doses used in laboratory studies are generally much higher than human exposure levels. Consequently, the need to extrapolate from high to low doses also arises with toxicological data.
Past approaches to the low-dose extrapolation problem have relied on an assumed mathematical function relating cancer risk to exposure. There are many different candidates for such a doseresponse model, some with stronger biological bases than others (3) . Tolerance distribution models such as the probit and logit have generally evolved in the study ofnoncarcinogenic end points to describe dose-response relationships in the observable response range. Mechanistic models describe carcinogenesis as a stochastic multistage process, in which neoplastic conversion of stem cells proceeds through a series ofwell-defined stages involving both genetic damage and changes in cell kinetics. Unfortunately, with the limited information provided by epidemiological and toxicological studies, it is possible to postulate different models that fit the data equally well, but which provide point estimates ofrisk at low doses that differ by several orders of magnitude (4) .
The purpose of this paper is to provide a procedure for lowdose risk estimation that does not depend upon the selection of a specific dose-response model. Our goal is to obtain the best possible upper confidence limit on low-dose risk using only data on tumor occurrence rates from epidemiological or toxicological studies. The only assumption made is that the underlying doseresponse curve is linear or sublinear at low doses. Estimates of low-dose riskbased on the model-free procedure proposed in this paper are compared with corresponding estimates based on the linearized multistage model using a large number of data sets previously reported in the literature.
Carcinogenic Risk Assessment Multistage Model
The multistage model is currently the most widely used model for cancer risk estimation. As formulated by Armitage and Doll (5), the probability P(d) ofa tumor occurring following exposure to a fixed dose d up to time t is given by 
Point Estimates Versus Confidence Limits
The use ofa 95 % upper confidence limit on q1 rather than its maximum likelihood estimate has been the subject of some discussion. Proponents ofbest estimates argue that the use ofupper confidence limits leads to unwarranted conservatism in risk estimation (8) . When decision-making allows for alaing risks against benefits, it has also been argued that best estimates of benefit should be compared to best estimates of risk. Upper bounds on risk based on the linearized multistage model have also been criticized in that they are highly insensitive to the data on which they are based (9 (11) .
Biologically Based Cancer Models
The Armitage-Doll model has been subject to criticisms that it does not provide a complete description ofthe process ofcarcinogenesis. Specifically, the k-stages envisaged in the model are largely phenomenological and do not necessarily represent welldefined biological changes. In particular, when the number of stages required to fit the data is large, it is difficult to interpret these stages as specific mutational events. The model also fails to provide for the development oftarget tissues with age and for the dynamics of cells involved in neoplastic conversion.
Moolgavkar (12) and his co-workers (13, 14) have developed a two-stage biologically based model of carcinogenesis that explicitly provides for tissue growth and cell kinetics. This model assumes that two mutations, each occurring during cell division, are required for a stem cell to be transfonned into a malignant cancer cell. Initiated cells that have sustained the first mutation may be promoted through nongenotoxic mechanisms that increase the net birth rate ofinitiated cells. Thorslund and Charnley (15) have applied a form ofthis model in the estimation ofcancer risks associated with exposure to chlordane and dioxin. However, the estimability ofthe unknown model parameters requires further study (16) .
Range-of-Risk Estimates
Since precise mechanisms ofcarcinogenic action are geneally unknon, it follows that no model, no matter how elaborate, can claim to be correct. This uncertainty has promptd proposas for the use ofa range-of-risk estimates based on different plausible models. Calculation of a range-of-point estimates serves little useful purpose and does not contribute to a real understanding of the uncertainty in the extrapolation process. Since point estimates depend on the fonn ofthe model selected, the number of point estimates is limited only by the number of models entertained.
In our view, a more realistic approach to expressing uncertainty is to recognize that the risk could be as high as that predicted by linear extrapolation or as low as 0. The risk will be 0 when a thrshld exists below which neoplastic conversion does not occur. Paynter et al. (17) have suggested that a threshold may exist for thyroid tumor induction, although the evidence in dtis regard is not conclusive.
Is Linear Extrapolation Conservative?
Linear extrapolation often is criticized as being too conservative. Schell and Leysieffer (18) 
TIssue Dosimetry
Measurements or predictions ofthe dose ofthe proximate carcinogen reaching the target tissue can be used to obtain more accurate estimates of low-dose risks. This can be done using physiologically based pharmacokinetic (PBPK) models that describe the fate ofchemical substances in the body (25) . These models describe metabolic processes within a number ofrelevant physiological compartments and have been successfully used to model the metabolism of several chemical carcinogens (26) .
When one or more steps in the process ofmetabolic activation are saturable, the dose delivered to the target tissue may not be directly proportional to the administered dose (27) . In such cases, risk estimates based on the administered dose can be biased (28) . At sufficiently low doses, however, most kinetic processes will be first-order, in which case the relationship between external and internal doses will be linear.
Linear Extrapolation
We have argued that dose-response curves for some carcinogens may be expected to be linear at low doses. Ifthe doseresponse curve is actually sublinear in the low-dose region, linear extrapolation provides an upper limit on low-dose risk. In this section, we first review previously proposed methods for linear extrapolation and then describe our model-free approach.
Prvious Approaches
Gross et al. (29) (34) modified their procedure to consider linear extaplation fiom all doses for which there were no statistically significant increases in tumor incidence above the baseline level, selecting the smallest slope for low-dose risk estimation. In a similar vein, Gaylor (35) considered the smallest slope obtained from all the possible combinations ofdata from the doses where the lowest dose was in the convex portion of the dose-response curve. In both cases, upper confidence limits on the slopes were used. Both Krewski et al. (33) and Gaylor (35) showed that low dose risk estimates based on these model-free procedures were generally close to those obtained from the linearized multistage model.
Model-Fre Approach
The only assumption that we wish to entertain in assessing low-dose cancer risks is that of linearity of the dose-response curve at low doses. Under this assumption, low-dose risk assessment requires estimation ofthe slope ofthe dose-response at the origin given by > 0 Ad d=O (4) Without making specific assumptions concerning the functional form of the dose-response curve other than low-dose linearity, a natural estimator of( at a dose d close toO would be the slope Because the minimum of up to t such secants is selected, the overall confidence level associated with this procedure requires consideration. By the Bonferroni inequality, an overall 95 % confidence level may be achieved using individual confidence limits of 5/(t+1) %. Since not all t secants are used when t* < t, it is possible that this Bonferroni bound may be improved upon. This is currently under investigation.
Illustrative Examples
To illustrate the application of the model-free approach to linear extrapolation, we consider the data on radiation-induced stomach cancer shown in Table 1 , previously analyzed by Krewski et al. (34) . These data are shown in graphical form in Figure IA after re-expression in terms of relative risk. The secant bounds based on those exposure groups not demonstrating a significant increase in risk (p < 0.05) are shown in Figure 1B . The secant with the smallest slope represents the MFX bound on low-dose risk.
To compare the MFX approach with the traditional LMS, consider the bioassay data shown in Table 2 on kidney tumors induced in Fischer 344 rats following oral exposure to nitrilotriacetic acid (NTA) for 24 months (38) . These same data are displayed graphically in Figure 2A , along with the fitted multistage model (39) . The best-fitting model involves five stages but does provide a good description of the dose-response curve.
The (100 -5/6) = 99.17% upper confidence limits on the response probabilities in each ofthe exposed groups are shown in Figure 2B , along with the associated secant bounds on the lowdose slope. (No secant is shown for the dose of 2 % NTA in the diet, since the tumor response at this dose was significantly greater than 0, the control response.) The minimum slope of these secants occurs at a dose of 1.5 % and has a value of 0.061 per percent NTA in the diet.
To compare the MFX approach with the traditional LMS, consider the bioassay data shown in Table 2 on kidney tumors induced in Fischer 344 rats following oral exposure to nitrilotriacetic acid (NTA) for 24 months (38) . These same data are displayed graphically in Figure 2A , along with the fitted multistage model (39) . The best-fitting model involves five stages but does provide a good description ofthe dose-response curve.
The (100 -5/6) = 99.17% upper confidence limits on the response probabilities in each ofthe exposed groups are shown in Figure 2B Figure 3 . The median ratio percent N IA in tne wiet. 
Summary and Conclusions
The quantitative assessment of risks associated with low-level exposure to carcinogens present in the environment continues to be an important problem upon which consensus remains to be attained. This issue is particularly contentious when extrapolations not only from high to low doses but from laboratory animals to humans must be made. Nonetheless, such estimates are often needed for purposes of risk management.
The LMS model has traditionally been used for low-dose risk estimation. It is now widely recognized that this model provides an incomplete description of chemical and radiation carcinogenesis, neglecting important factors such as tissue growth and cell kinetics. Dose-response relationships demonstrating a high degree of curvature at high doses can occur as a result of cellular proliferation or saturation of metabolic processes required to form the proximate carcinogen, but can be explained only with a large number of stages in the multistage model. Although more biologically based models have emerged within the last decade, these models involve additional unknown parameters that may not be directly estimable using epidemiological or toxicological data on tumor occurrence rates.
Irrespective of the actual dose-response model, there are a number ofarguments that suggest that the dose-response curve may be linear at low doses. Specifically, low-dose linearity may be expected to hold with agents that act by augmenting ongoing carcinogenic processes. DNA adducts formed with genotoxic carcinogens also appear to be linearly related to dose at low levels of exposure.
For these reasons, a model-free approach to carcinogenic risk assessment that assumes nothing more than low-dose linearity seems appealing. The model-free extrapolation (MFX) procedure described in this article is based on a series of secant approximations to the slope ofthe dose-response curve in the lowdose region, with the minimum of such approximations selected for risk assessment purposes. This represents the best upper confidence limit on low-dose risk consistent with the data.
An analysis of572 experiments demonstrated that MFX yields estimates of low-dose risk are largely comparable to estimates derived under the LMS model. In addition to making a minimal number ofassumptions, MFX does not make use ofdata at high doses where survival may be impaired or normal physiological function disrupted.
